CO 2 in the atmosphere has been recognized as one of the main reasons of climate change. Capturing CO 2 and storing it within CH 4 hydrate reservoirs in the form of hydrate could serve triple purposes of CH 4 production, compensation of CO 2 sequestration expenses, as well as maintaining geomechanical stability of the CH 4 producing area. Two mechanisms for this conversion from in situ CH 4 hydrate to CO 2 dominated hydrate have been proposed in the open literature. A solid state exchange mechanism is very slow compared to the other mechanism, in which heat released through formation of new CO 2 hydrate is the primary cause for dissociation of the in situ CH 4 hydrate. In this work we utilized a reactive transport simulator, RetrasoCodeBright, to examine the formation of new CO 2 hydrate in realistic formations of CH 4 hydrate filled sediments as a mechanism for CO 2 / CH 4 hydrate swapping. Results from the implementation show CO 2 hydrate formation within the geological structure of natural gas hydrate. c 2017 Published by Elsevier Ltd. Peer-review under responsibility of the organizing committee of GHGT-13.
Introduction
Hydrates are ice-like crystal structures of water containing trapped gas molecules (inside the cages formed by hydrogen bonded water molecules). Di↵erent hydrate formers in nature lead to di↵erent phases of hydrates. Thus, the combined first and second law of thermodynamics and Gibb's phase rule imply that hydrates cannot reach thermodynamics equilibrium in nature. Due to this fact, there will be a competition between di↵erent hydrate formers.
Released CO 2 gas from the burning of fossil fuels might be one of the main contributors responsible for the ongoing climate change. One possible method for reducing CO 2 emission into the atmosphere is to inject it into depleted oil and gas reservoirs or into underground aquifers. However, captured CO 2 could also be injected into natural gas hydrates but stored in the form of CO 2 hydrate. As a result, formed CO 2 hydrate could provide a sealing e↵ect against upward migration of injected CO 2 gas.
Due to ever increasing demand for energy, new sources of energy are required worldwide. Despite to the fact that occurrence of natural pure CO 2 hydrates is rare [1] , substantial amounts of CH 4 are trapped in the form of gas hydrate as well as free gas in the porous media of marine sediment [2, 3] . Where the pressure and temperature within natural structures are located in hydrate stability region, hydrates can form and grow [4] like for instance permafrost and continental margins. Change in environmental conditions such as pressure reduction as a result of sea level reduction [5] or increase in ocean temperature [6, 7] and landslides [8, 9, 10] could destabilize hydrate structures and cause dissociation of it. Moreover, the CH 4 concentration is always below its solubility in the sea environment [1] . Thus, contact of hydrate with water that is undersaturated with respect to CH 4 could cause its dissociation.
Several methods have been proposed for production of CH 4 from these reservoirs [11, 12] . Pressure reduction, thermal stimulation and inhibitor injection are some conventional methods [11] as well as microwave technology and use of fluorine gas [12] as unconventional methods of production. However, apart from the economical point of view, it has not yet been proven that these methods are safe enough. During production of CH 4 from natural gas hydrate reservoirs, the hydrate structure, which consists of water and gas, will dissociate and huge amount of water will be produced with the gas. This may a↵ect the geomechanical stability of the dissociating area and cause landslides [13] . In addition, huge amounts of released CH 4 from bursting of gas hydrate reservoirs could potentially find its way to the atmosphere [14] . This is a problem since CH 4 is a greenhouse gas which is much more aggressive than CO 2 [15] .
One of the newly purposed methods for production of CH 4 is the injection of captured CO 2 into natural gas hydrate reservoirs [16, 17, 18, 19, 20, 21] . It is possible that injected CO 2 into the natural gas hydrates may replace in-situ CH 4 from the hydrate structures and form stable hydrates of CO 2 or mixed CO 2 /CH 4 . Thus CH 4 will be released from the in-situ hydrate structure and result in CH 4 production.
It is crucial to understand the long-term processes that take place after injecting CO 2 into the methane hydrate reservoirs. Running field scale experiments will be expensive and time consuming. Thus, computer simulations can be used as a helpful tool to study long-term e↵ects, as well as the e ciencies of such processes, taking into consideration di↵erent scenarios of injection and production. Most hydrate simulators treat hydrate phase transitions using the equilibrium approach, while those that use the kinetic approach utilize a simple laboratory scale formula. Another limitation with some of todays hydrate simulators is that they consider only one route for hydrate phase transitions, which is towards water and hydrate formers in the gas phase. However, other routes do exist, for example, hydrate can also form from water and hydrate formers dissolved into the aqueous phase. Furthermore, hydrate can also form from hydrate formers adsorbed onto mineral surfaces.
In earlier version of RCB, the process of CH 4 production and the process of CO 2 injection could not be handled simultaneously. The simulator has been modified in two separate implementations, to model hydrate formation through CO 2 injection into underground aquifers and to model CH 4 production using the depressurization method from natural gas hydrate reservoirs, respectively. In this work we have combined these two codes and modelled CO 2 storage in the form of hydrate within methane hydrate reservoir. A twodimensional reservoir model has been simulated to examine the e↵ects of our implementations. We present our methods and results from our modification are discussed.
Methods and Procedures
In this work, we combined two separate codes that previously have been modified to model phase transitions of CO 2 hydrate and CH 4 hydrate, separately. To do so, in the chemical input file, chemical species which are required in reaction of each hydrate were combined together, as can be seen in Table 1 . Moreover, two mineral types were introduced into the chemical as well as kinetics input files. The pseudo reaction of each CO 2 and CH 4 mineral were added to the RCB database. CO 2 was the only gas in boundary zone.
The process of injecting carbon dioxide within geological structures of natural gas hydrates as a production technology of CH 4 as well as a CO 2 sequestration method involves two mechanisms. The main mechanism is the formation of new CO 2 hydrate from formation water and injected CO 2 , which can be described as Gas CO 2 (g) Table 1 . Chemical species in each phase.
Since hydrate formation is an exothermic reaction, the heat of formation of new CO 2 hydrate causes dissociation of nearby CH 4 hydrate structures. However, in this work, as a first step towards mixed hydrate, it was assumed that CH 4 hydrate was intact and did not dissociate. The other mechanism is solid state exchange of CH 4 within the hydrate structure, and injected CO 2 , which is described as
where n is the hydration number which is equal to 7.67 (assuming that CO 2 fills only large cavities). This mechanism is constrained by solid di↵usivity and is therefore relatively slow and it becomes dominant when the water saturation in the environment is fairly low (⇡ 5% 
Within this work, it has been assumed that CO 2 injection into CH 4 hydrate reservoirs only yields two mechanisms, where during the new CO 2 hydrate formation (Eq. (2)), the CH 4 hydrate remains intact. To achieve this within the combined code, the kinetic rates for CH 4 hydrate from both aqueous and gas phases were set to zero to keep them intact, while CO 2 hydrate phase transitions were calculated according to kinetic rates which were introduced in Ref. [22, 23] (where competing hydrate phase transitions were resolved through Gibb's free energy minimization and a non-equilibrium thermodynamics package was used to calculated chemical potentials). Furthermore, CO 2 was considered as the only gas in the system which fills large cavities of hydrate structure I. Two di↵erent routes of CO 2 hydrate phase transitions (i.e. CO 2 hydrate formation from aqueous and gas phases with formation water) were considered.
The growth rate of CO 2 hydrate within CH 4 hydrate was calculated using Classical nucleation theory:
where R denotes the kinetic rate of CO 2 hydrate growth. Gibb's free energy minimization was used to calculate competing hydrate phase transitions. The free energy di↵erence was calculated as
Eq. (3) shows the chemical potential di↵erence between the hydrate and the hydrate formers. x is the mole fraction and µ is the chemical potential. The superscript "H" denotes the hydrate phase and "F." denotes the former phase (i.e., aqueous, gas) from which the "guest" molecule (i.e., CO 2 ) originates. If is +1, Eq. (3) describes hydrate growth, and if is -1, it describes hydrate decomposition. For further details about the hydrate di↵erent routes and the kinetic rate calculations, interested readers are refereed to Ref. [22, 24, 23, 25] .
Within RCB, hydrate formation and dissociation are tracked through porosity changes, as a result increasing porosity within the porous media shows hydrate dissociation. Conversely, a decreasing porosity indicates hydrate formation. 
Numerical approach
RCB is a hydrate reservoir simulator that was used to conduct the numerical studies in this work [26] . RCB is composed of two modules, CodeBright [27, 28, 29] and Retraso [30] . It has complete schemes for integration fluxes of mass-, heat-, and stress-development in the basic module. Thus, RCB is able to handle heat and fluid flow and geomechanical equations under complex conditions of geologic media. RCB simulates flow descriptions in the range from di↵usion to advection and dispersion. RCB is also capable of handling non-isothermal reactions including hydrate pseudo reactions.
In each time step, mass flow, heat flow, and geomechanical equations are solved implicitly within the CodeBright part. Subsequently, these results are given to the Retraso code where geochemistry equations (including hydrate "pseudo" reactions) are solved and flow properties become updated. Calculation results from this part are returned back to the CodeBright part for the next time step calculation. [30] .
Spatial and temporal discretizations were used to solve finite-element and finite-di↵erence methods, respectively and the Newton-Raphson algorithm was used to solve the non-linear equations. Ref. [26] contains further details on the governing equations inside RCB.
Originally, RCB was developed as a hydrogeological simulator. Previously, it has been modified to calculate hydrate phase transitions. Two routes of hydrate phase transitions for each CH 4 hydrate, as well as CO 2 hydrate has been added to this simulator in separate implementations. A non-equilibrium thermodynamic package that was developed within our group was added to RCB [31, 32, 33, 19] which made it possible to account for competing hydrate phase transitions based on independent thermodynamics variables, namely pressure, temperature and concentration. Interested readers can find detailed calculations and implementation methods in Ref. [22, 24, 25, 23] .
Hydrate reactions are faster than conventional mineral dissolution and precipitation. RCB has an implicit scheme for geomechanical calculations in the CodeBright part which eliminate the gap between hydrate phase transitions and stress changes in every relevant time step. The Retraso part of the code has a broad range of chemical species, as well as chemical reactions, which made it possible to define hydrate phases as pseudo minerals and hydrate phase transitions as pseudo reactions. Pressure and temperature ranges used in our version of the code make the Soave-Redlich-Kwong (SRK) equation of state [34] accurate enough to model CO 2 and CH 4 gases. Kinetic models for CO 2 and CH 4 hydrate phase transitions have also been added to RCB.
Results and Discussion

Simulation setup
The studies in this paper are based on a two-dimensional rectangular model. The domain length was l = 1000 m, and its height was h = 300 m. The model was subdivided into 1500 active rectangular elements with 20 m⇥ 10 m, beginning with an initial depth at h 0 = -1100 m. Fig. 1 shows the model of a hypothetical class I methane hydrate reservoir. The reservoir consists of one hydrate layer and one well with injection pressure of 14 MPa, which is located in the middle of the reservoir 20 m above the bottom of the reservoir. Reservoir properties are mentioned in Tables 2, 3 , and 4. The pressure and temperature gradients in the reservoir were set to 0.01 [MPa/ m], and 0.036 [ C/m], respectively. The simulation period was 3 years and 3 months, which was deemed su ciently long to provide realistic estimates of long-term behaviour and trends. The duration of every time step, t, was set to 0.365 days.
Analysis of simulation
CO 2 injection was started at time zero from the injection well (located in the middle of the reservoir model) into the intact methane hydrate reservoir. CO 2 hydrate formation and dissociation were tracked through porosity changes (i.e. porosity reduction shows hydrate formation, whereas increase in porosity denotes hydrate dissociation). Fig. 2a shows how porosity gradually decreased around the the injection well as a result of CO 2 hydrate formation. At the start of the simulation, gradual formation of CO 2 hydrate around the injection well hindered vertical distribution of the injected gas and instead caused a horizontal distribution of the injected gas, thus resulting in CO 2 hydrate formation and growth along the horizontal axes of the reservoir. As time progressed, decreasing porosity in the horizontal direction reduced gas flux in the same direction. Thus, gas started to further penetrate to the upper parts of the reservoir and, due to new CO 2 hydrate formation in the upper area, porosity gradually started to decrease. Hydrate formation is an exothermic process. Therefore, temperature is higher in areas where hydrate formation has occurred. According to the temperature distribution shown in Fig. 2b , during the first year of CO 2 injection, hydrate formation was higher in the horizontal layer around the injection well. However, after porosity reduction, as a result of hydrate formation in this area, gas migrated towards the upper layer. After four years of injection, higher temperature in the upper parts of the model indicated hydrate formation in those areas. This is in accordance with Fig. 2a , which shows a lower porosity at year four. Fig. 3a illustrates CO 2 gas flux within the methane hydrate formation. Blockage of the pores by hydrate around the injection well reduced gas flux into the upper parts of the reservoir and spread the gas more horizontally along the reservoir. As a result, porosity reduction was higher in this region. However, gas flux in the lower parts of the reservoir was reduced after four years of injection due to pores plugging.
Water is one of the hydrate formers and it was consumed during the hydrate formation process. Fig. 3b shows liquid saturation density curves. At the first year of production, liquid saturation was higher in the lower parts of the reservoir. However, as the simulation progressed, liquid saturation reduced due to being consumed in the hydrate formation process.
Summary and Conclusions
The primary goal of this paper was to discuss the general concept of combining two types of hydrate phase transitions, based on non-equilibrium thermodynamics, and not to demonstrate all features that will be opened up by this concept. At this stage we have combined the two separate codes: one handling CO 2 hydrate phase transitions and the other handling CH 4 hydrate phase transitions. We simulated CO 2 gas injection into an intact methane hydrate reservoir, where the dominant mechanism was the formation of new CO 2 hydrate from pore water and injected gas (also referred to as mechanism one above). Results showed that at the early stages of the simulation, new CO 2 hydrate formation around the injection well caused horizontal distribution of the injected gas within the CH 4 hydrate reservoir. However, as time passed, new formed hydrate plugged the lower parts of the reservoir and simultaneously consumed the pore water. Thus, further hydrate formation occurred at the upper layers of the reservoir, where liquid saturation was higher. The next step will be to implement CO 2 /CH 4 mixed hydrate calculations, as well as mixed gases properties.
